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Introduction
Nitric oxide (NO) 1 and carbon monoxide (CO) are increasingly appreciated as either an anti-GST antibody (Sigma, St. Louis, MO) or in some cases an anti-HO2
antibody(4). Analysis of the site directed mutants was performed by incubating 2 µg of GST fusion protein with 10 µg of purified calmodulin (Sigma) in 500 µl buffer A +/-calcium. Interacting complexes were immobilized on GST-agarose, washed, and analyzed by western blotting. Input of HO2 protein was analyzed by Ponceau S staining, and pull-down of calmodulin was visualized with anti-calmodulin antibody (Upstate Biotechnology, Charlottesville, VA). Enzyme assays-Heme oxygenase activity was measured essentially as described previously(3) with a modified assay buffer which consisted of 150 mM KCl, 50 mM HEPES 7.5, 500 µM BAPTA, and 100 µM deferoxamine. Free calcium concentrations were calibrated using a calcium-selective mini-electrode and confirmed using Data comparisons were deemed significant if p < 0.02.
Co-immunoprecipitation-

Results and Discussion
In yeast 2-hybrid analysis utilizing HO2 without the C-terminal transmembrane domain as bait, we identify calmodulin as a binding partner (Fig. 1) . Analysis of the primary sequence of HO2 using an algorithm to detect calmodulin binding sites (5) indicates that the region encompassing amino acids 56-76 on the N-terminal region of the protein was likely to bind calmodulin ( Figure 1A ). Manual inspection of this sequence reveals three separate 1-10 consensus calmodulin binding motifs encompassing amino acids 56-65, 57-66, and 66-75. The 1-10 motif is characterized by bulky aromatic/hydrophobic residues at the 1st and 10th position on an alpha helix(6).
Heme oxygenase-1 (HO1) is a closely related inducible enzyme whose crystal structure has been elucidated(7). Sequence alignment and mapping of the HO2 sequence onto the HO1 structure reveals that only the 1-10 motif encompassing amino acids 66-75 resides on an alpha helix ( Fig. 1A; Supplementary Figure 1) . Thus, we predict that 1- One parallel between NOS and HO is the existence of discrete constitutive and inducible forms of the enzymes. Inducible NOS (iNOS) is not normally activated by stimuli that increase intracellular calcium, but instead new iNOS protein synthesis occurs following stimuli such as endotoxin exposure (8) (9) (10) . iNOS binds calmodulin at low, physiologic calcium levels so that stimuli that increase intracellular calcium do not alter enzyme activity (11) . The inducible HO isoform, HO1, has 50% homology in the sequence encompassing the 1-10 motif of HO2, but lacks one of the motif's key amino acids, phenylalanine 75 (Fig.1A) . As predicted by the absence of this amino acid, we detect negligible binding of HO1 to calmodulin in the presence or absence of calcium (Fig.1D ).
To ascertain whether endogenous HO2 and calmodulin interact in mammalian tissues, we conducted immunoprecipitation experiments from rat brain extracts (Fig.   1e ). We observe robust, calcium-dependent co-immunoprecipitation of calmodulin with HO2, which is reversed by calmodulin antagonist (Fig. 1e ).
We demonstrate a direct requirement of calcium-calmodulin for HO2 catalytic activity (Figure 2) . Calcium stimulates HO2 in the presence of 100 nM calmodulin with an EC 50 of ~300 nM (Fig. 2a) . This concentration is consistent with physiologic levels which would occur during neuronal depolarization. Calmodulin potently stimulates enzyme activity with an EC 50 of 2 nM, similar to the potency of calmodulin in activating nNOS(2) (Fig. 2b) . Mutation of phenylalanine-66, a key amino acid in the 1-10 motif for calmodulin binding (Fig. 1C) , abolishes activation of the enzyme. The importance of calmodulin is further substantiated by inhibition of HO2 activity with the calmodulin antagonist calmidazolium with an IC 50 of 8 µM, similar to its potency in blocking other calmodulin-dependent processes (12) (13) (14) . Another calmodulin antagonist, W7, also inhibits the calcium-calmodulin dependent activation of HO2 (data not shown).
We wondered whether the phosphorylation of HO2 by CK2 synergizes with or antagonizes calmodulin activation, and so examined the influence of calcium-calmodulin on the unphosphorylated and the phosphorylated enzyme (Fig. 2d) . The effect of CK2 pre-phosphorylation on calmodulin activation was examined at 10 nM and 10 µM CK2 phosphorylates HO2 at serine-78 (rat sequence), only 3 amino acids away from the calmodulin binding site on the same alpha helix (Supplementary Fig. 1 ). We hypothesize that conformational changes induced by calmodulin binding and by phosphorylation of serine 78 are similar, and thus are not additive.
Acute exposure of cortical neurons to the excitatory neurotransmitter glutamate increased HO2 activity in a calcium-calmodulin dependent manner (Fig. 3B) cerebral microvessels that tyrosine kinase inhibitors blocked CO production in response to glutamate, whereas manipulations of intracellular calcium had no effect. Notably, ionomycin treatment in calcium-replete medium had no effect on CO production in the microvessels, and depletion of internal calcium stores in calcium-free medium did not affect CO production in response to glutamate. In that study, the microvessels were exposed to 1 µM ionomycin and/or 100 µM glutamate for a minimum of 30 min while CO was allowed to accumulate within the headspace. These manipulations would be expected to cause secondary effects on cellular physiology, including induction of the ER stress response and apoptosis. Therefore it is unclear if the actions of glutamate in cerebral microvessels are truly calcium-independent. This discrepancy can also be explained by glutamate activating a separate, calcium-independent pathway in endothelial cells, requiring the activation of tyrosine kinases.
Activating HO2 by calcium-calmodulin in stimulated neurons presumably occurs on a millisecond timescale, and thus is consistent with requirements for synaptic transmission. Other physiologic processes regulated by CO are more long-term. For instance, CO regulates long-term adaptation to odorant stimulation in olfactory neurons (22, 23) , and mediates slow relaxation of the internal anal sphincter(3,24).
Conceivably CK2 phosphorylation mediates these longer-term activations of HO2.
Analogous differential roles for calcium-calmodulin-dependent and phosphorylation-dependent stimulations occur for endothelial NOS (eNOS). Thus, acetylcholine, by releasing intracellular calcium, rapidly activates eNOS to initiate blood vessel relaxation, whereas long-term relaxation mediated by shear stress and vascular endothelial growth factor maintain vasodilation by activating Akt kinase to phosphorylate eNOS, increasing enzyme activity in a calcium-independent fashion (25) (26) (27) 
